The evolution and spread of antibiotic resistance depends on the antibiotic pressure exerted in the microbial environment. Selective effects occur in selective compartments, where particular antibiotic concentrations result in a differential growth rate of resistant bacterial variants. This may happen even at very low antibiotic concentrations able to select low-level-resistant bacteria. When more than one antibiotic is present in the environment, the multiple and fluctuating pressure produces the selection of bacterial variants that use multiple or multipurpose mechanisms or optimize a single mechanism of resistance to survive under the variable environmental conditions. Host factors such as immunity contribute to the selective process. Antibiotics themselves may promote bacterial diversity, either mediated by the random drift effect or triggering the increase of mutational events under bacterial stress. Analysis of selective environment -related antibiotic-host-bacteria interactions is essential to understanding the biology of antibiotic resistance.
As was stated by Brandon in 1992 [1] , ''the concept of in Madrid [3] . Similarly, the rise in antibiotic resistance among Streptococcus pneumoniae isolates appears to be related to fitness or adaptedness of a given organism has received extensive attention from biologists and philosophers of biology, but the total consumption of antibiotics [4, 5] . Because of these observations, one of the leading strategies recommended to the concept of environment has been largely ignored.'' The biochemical and genetic mechanisms involved in antibiotic relimit the extension of antibiotic resistance is a decrease in the overall use of antibiotics [6] . However, it is not always possible sistance are by far better known than the equally (if not more) important phenomena involved in the environmental processes to correlate the use of and resistance to antibiotics. One aim of this review is to demonstrate the complexity of this multifacleading to the selection and dispersal of resistant genes and organisms. A study of the evolution of antibiotic resistance torial process. cannot ignore the simultaneous consideration of both factorsthe mechanisms and the environment. The term antibiotic presBacterial Evolution sure, frequently used in a trivial way, should be understood within the larger concept of ''selective environment.' ' An important question is whether the use of antibiotics influences bacterial evolution. In this article, two features essential to the understanding of bacterial evolution under antibiotic Antibiotic Use and Resistance Selection pressure will be discussed: the selective process leading to Daily clinical experience strongly suggests that there is a proliferation of resistant organisms and the less-well-known certain link between the use of antibiotics and the selection of factor that influences this process, the so-called random genetic resistance. For instance, in our hospital it was easy to demondrift. strate a significant odds ratio between the number of days that patients receive antibiotics and their colonization or infection by methicillin-resistant Staphylococcus aureus [2] . What is true Selective Pressure on the hospital scale is also true on a community scale.
Selective pressure has been defined recently by Tenover and For example, we noted that the launching of and immediate
McGowan [7] . In their view, selective pressure refers to enviincrease in fluoroquinolone use during the period of 1988 -ronmental conditions, including not only the use of antibiotics 1992 paralleled an increase in quinolone-resistant Escherichia but also any other environmental factors such as how the pacoli in the community surrounding the Ramón y Cajal Hospital tients are linked by epidemiological features, other drugs used, or environmental pollutants. As such, selective pressure is a general concept that refers to the many factors that create an scape, resulting in the differential proliferation of resistant orin clinical resistance to antibiotics. As is well known, TEM-1 is considered a broad-spectrum enzyme because it hydrolyzes ganisms. Organisms resistant to antibiotics were resistant before antibiotics were used but were not able to differentially penicillins and some cephalosporins. Unexpectedly, molecular variants of TEM-1 (or the very similar TEM-2) recently acquired proliferate; thus, both survival and proliferation are essential. the ability to catalyze the hydrolysis of newly available cephalosporins such as cefotaxime and ceftazidime. These variants, Selective Antibiotic Pressure and the Origin and termed extended-spectrum b-lactamases, emerged and disseminEvolution of Resistance Mechanisms ated probably as a result of the introduction of new b-lactam antibiotics in the therapeutic armamentarium. The most frequently proposed hypothesis is that genes involved in antibiotic resistance originated in antibiotic-producAntibiotic-inactivating extended-spectrum b-lactamases differ from TEM-1 in one to five amino acid substitutions within ing organisms, as part of the cluster involved in antibiotic biogenesis, to prevent self-inhibition [8] . Eventually, these the enzyme sequence [9] . For instance, TEM-10 differs from TEM-1 in the replacements of Arg 164 by Ser and Glu 240 by genes may have moved to the neighboring bacterial organisms, which then became resistant. Alternatively, these neighboring Lys, which increases the cefotaxime MIC from 0.03 mg/mL to 1 mg/mL [10] . Apparently, enzymes like TEM-10 have evolved organisms may have introduced changes in the DNA sequence of possibly duplicate genes involved in functions that were under cefotaxime pressure from previous TEM-1 variants with a single amino acid substitution; for instance, TEM-12 (with thus reoriented to antibiotic elimination or detoxification.
These hypotheses imply that this early evolution and spreadonly the Arg 164 replacement) is a likely ancestor of TEM-10. This may imply that strains harboring TEM-12, despite the ing of resistance determinants is the result of the selective forces exerted by naturally produced antibiotics. The extremely very low increase in the MIC of certain cephalosporins (0.06 -0.12 mg/mL for cefotaxime, compared with 0.03 mg/mL for low quantity of antibiotics produced in natural circumstances and effectively present in highly diluted environments, such as TEM-1), were indeed selected during therapy and proliferated sufficiently to develop another point mutation, leading to a new soil or water, has been considered one of the facts challenging the importance of such selective forces. It is hard to conceive enzyme with more effective resistance (TEM-10). The hypothesis that low-level-resistant variants (such as that many of the very efficient mechanisms of resistance currently detected in highly resistant bacteria, such as those threat-TEM-12) have been selected in vivo implies the occupation (together with the wild strain, TEM-1) of a particular body ening public health, might have originated in these natural environments. Certainly, most data support the concept that compartment where the antibiotic concentration is selective for the variant. This concentration could not be higher than that antibiotic resistance appeared only after the emergence of the strong selective force(s) resulting from the massive use of intolerated by the variant but not lower than that required to inhibit the fully susceptible wild strain. As concentrations that dustrially made antibiotics in clinical medicine and as food supplements for farm animals.
inhibit the variant and the wild strain may be extremely close, the selective range of concentrations may be extremely narrow. While the concept of antibiotic resistance has been espoused by clinical microbiologists interested in the outcome of a given
In fact, this phenomenon can be described as antibiotic concentration -dependent selection. infection, small increases in the MIC of an antibiotic for a particular bacterial organism have frequently been regarded This process was recently reproduced under in vitro conditions in a model where wild-type and variant E. coli subpopulaas clinically irrelevant. In fact, the antibiotic concentrations obtained during antibiotic treatments (in particular, the maxitions were mixed in culture medium and challenged with different antibiotic concentrations [11] . The predominant subpopmum concentration in serum) are much higher than the concentrations required to inhibit the growth of any possible lowulation (90% of total cell number) contained the TEM-1 blactamase. The minority subpopulation contained the same enlevel-resistant variant. Consequently, these variants have been considered as virtually unselectable during chemotherapy.
zyme, but with a single amino acid replacement (Ser 164 instead of Arg 164 ) obtained by directed mutagenesis; thus the enzyme Most of these low-level-resistant variants remain indistinguishable from the fully susceptible strains on the basis of antibiowas called TEM-12, and the susceptibility of the E. coli strain was slightly reduced. grams obtained with current standard susceptibility testing procedures in clinical microbiology laboratories.
In mixed cultures, TEM-12 was selected over TEM-1 at very low cefotaxime concentrations, ranging from 0.006 mg/mL to 0.06 mg/mL. As expected on the basis of the concept of concenIn Vitro Selection of Variant TEM b-Lactamases tration-dependent selection, at slightly higher concentrations (0.12 mg/mL), the wild subpopulation harboring TEM-1 reRecent advances in the study of the genetics of bacterial resistance to antibiotics have provided the elements to reevaluate the mained dominant. Of course, the TEM-1 subpopulation was also reduced in number at 0.12 mg/mL; however, its final preevolutive and clinical importance of mechanisms of low-level resistance. A good example is the evolution of TEM-1 b-lactadominancy reflects that, in the absence of selection, most surviving cells belonged to the wild-type subpopulation. mase, probably the most widespread bacterial enzyme involved S7 CID 1998;27 (Suppl 1) Antibiotic-Selective Environments
Because these results depended on the composition of the with ceftazidime. Therefore, the microorganisms circulating in the unit will be challenged by both cefotaxime and ceftazidime. original mixed population, concentration-dependent selection can be related with frequency-dependent selection [12] . Similar
In some instances, the resistant bacteria may have a given enzyme (let us say, in our case, an extended-spectrum b-lactamodels have been described with regard to the selection of penicillin-resistant Streptococcus pneumoniae by cephalospomase) that is more efficient in hydrolyzing one or the other antibiotic. In our example, it could be expected that ceftazidime rins [13] .
In short, we should consider two major sources of variation would select for TEM-10, but this enzyme is not very active on cefotaxime. Thus, cefotaxime should eliminate the mutant in this type of selective process: (1) the very high rate of spontaneous genetic variation within natural bacterial populain this fluctuating environment. Therefore, the advantage of harboring an enzyme of preferential ceftazidimase activity may tions and (2) the extreme variety of locally available concentrations derived from the formation of chemical gradients in nature be lost when the organism is confronted with cefotaxime. It was shown in our laboratory [15] that a directed TEM-1 (including the human body!). If a given concentration of a certain agent (even if very low) is able to select a particular mutation resulting in the replacement of alanine 237 for threonine is neutral by itself, that is, MICs of the harboring strain bacterial mutation (even if almost neutral), the huge diversity of the microbial world becomes understandable [11, 14] . In are not different from those of the wild-type strain. It is interesting that when this construction is present with the characteristic small spatial compartments, low-level-resistant bacteria may be selected by very small quantities of antibiotic such as those TEM-10 mutations (arginine 164 to serine and glutamic acid 240 to serine), the resulting TEM enzyme has decreased ceftazicreated by antibiotic-producing microorganisms, those present in foods as contaminants, or those present in the human body.
dime-hydrolyzing efficiency but increased efficiency for cefotaxime; this new enzyme is TEM-5. Antibiotic concentrations are often low in some compartments where the density of organisms is high (such as the colon This result indicates a coupling between the ''neutral'' change in the position 237 and the other mutations, in spite of or the oropharynx). Furthermore, serum and compartment concentrations change over time, sometimes dramatically within the fact that these residues are far apart in the three-dimensional structure of the protein. Study of the resulting molecular struca single day. In these compartments, the selection of low-levelresistant variants may increase their possibilities of further evotures on the basis of both crystallographic and experimental data in related systems showed that the precise geometry of lution towards higher resistance levels, through the natural occurrence of new genetic variation.
the b-lactam binding site is altered by the mutation in position 237, inducing changes in the way in which the substrate is Any future analysis of the environmental health impact of antibiotics should probably take into consideration the potential bound (better for cefotaxime and slightly worse for ceftazidime), thus modifying the effect of TEM-10 mutations. selective effect of these drugs for resistant bacteria, even in extremely diluted environments.
An interesting proposition is that the acquisition of a neutral mutation in position 237 could be considered a ''modulating'' mutation buffering the TEM-10 substrate preference in areas Multiple and Fluctuating Antibiotic Selective Pressure where the use of both cefotaxime and ceftazidime is creating a fluctuating selective environment. It is noteworthy that a Most frequently, in hospitals and in community practice, the bacterial flora of patients is challenged by not just a single ''neutral'' mutation can be selected by antibiotics, demonstrating the complexity of the mechanisms of selection of antibiotic antibiotic pressure but mixed and fluctuating antibiotic pressures. In fact, selection takes place in a landscape characterized resistance.
Another excellent example of adaptation to fluctuating by a fluctuating antibiotic environment. The fluctuating antibiotic environment -for instance, in the intensive care unit -is antibiotic environments is the simultaneous development of resistance to third-generation cephalosporins and b-lactaeasily explained by cross-infection (same bacterial organism challenged by different antibiotics in different patients), by mase inhibitors. If a strain harboring a plasmid-mediated TEM-1 b-lactamase is challenged by ceftazidime, in the sequential antibiotic therapy (same bacterial organism challenged by different antibiotics in an individual patient), and, classic experiment of stepwise selection, b-lactamase variants emerge that increase the ceftazidime MIC. However, if in some cases, by cycling of antibiotic therapy in the ward and even combined antibiotic therapy. This peculiar type of these variant strains are tested with amoxicillin or amoxicillin/clavulanate, the more ceftazidime-resistant bacteria have environment selects for different resistant bacterial variants.
Classically, these variants were considered to be the result strongly decreased resistance to amoxicillin. Thus, a mutation that increases the MIC of a certain compound may deof the selection of multiple independent resistance mechanisms in the same cell. Herein we consider two alternative possibilicrease the MIC of another one. In environments where both drugs are present, serious difficulties for bacterial survival ties: selection of equilibrating (modulating) mutations in a single mechanism and selection of multipurpose mechanisms. may arise. How could bacteria surmount this problem? Until very recently, the solution adopted by nature seemed In an intensive care unit, it is not unusual to have, at the same time, patients treated with cefotaxime and others treated to be the collection of more than a single b-lactamase in the [17] . It is interesting that, as in the case of the threonine 237 variant mentioned above, the efficiency of the immunity of the host could be. These simple calculations have been inspired by an example by Sober that is completely unrenew enzyme against ceftazidime or amoxicillin-clavulanate was decreased in comparison with that of TEM-15 or IRT-4. lated to antibiotic resistance [24] . In this elementary view, each one of the bacterial populations This suggests that adaptation to a fluctuating antibiotic environment may require a compromise to balance the activity of the (or subpopulations) present in the patient has a given probability of exposure to the antibiotic, as well as a certain probability enzyme against each one of the challenging antibiotics.
A third example of mechanisms selected by multiple, fluctuof surviving this exposure. Obviously, this probability is inversely proportional to the level of antibiotic resistance of each ating environmental pressures is the selection of multipurpose systems such as those involving multidrug efflux. This type of bacterial population. At the same time, there is a given possibility that the bacterial population will be exposed to the host's evolution has been clearly documented with regard to Pseudomonas aeruginosa. One of the recent conclusions of the immunity, which will reduce its number in the case of an immunocompetent host, and there is a certain possibility that British National Survey on P. aeruginosa resistance [18] was that ''cross-resistance patterns suggested that increases in resisit will survive this immunologic challenge. The combination of both survival possibilities should result in the ''selection'' tance . . . were largely a reflection of greater number of isolates with barrier or efflux mechanisms and were not due to of a particular population. This simple model is applied to a deep infection in a theoretically immunocompetent host and an increase in isolates with antibiotic degrading enzymes.'' In this organism, the two essential components of the mechanism an immunodepressed host. As can be deduced from table 1, the overall probability of of efflux are the energy-providing systems and the outer-membrane proteins (Oprs) permitting the pumping out of diverse survival (selection) obviously depends on the level of antibiotic resistance, but note the extreme influence on the model of the antibiotic molecules [19 -22] .
Hyperexpression of different associations of pumps (multiple absence of immunologic defense: the resistant population has a probability of 44% to be selected in the immunocompetent efflux, or Mex) and Oprs is related with increased MICs of different antibiotics. For instance, the NalB mechanism (hyperhost, and of 90% in the immunodepressed patient. It is indeed a well-known observational fact that antibiotic resistance prefexpression of MexAB -Opr-M) increases the MIC of ceftazidime, meropenem, and ofloxacin, but the NfxB mechanism erentially emerges in immunodepressed patients or in ''immunodepressed'' environments (e.g., foreign bodies or catheters). (hyperexpression of MexCD -Opr-J) increases the MIC of cefpirome, cefepime, and ofloxacin; finally, the NfxC mechaNot only immunity but other environmental features may modify the selection of antibiotic-resistant determinants. For nism (hyperexpression of MexEF -Opr-N) leads to increased MICs of carbapenems and ofloxacin. What is important to instance, transcription of the MexAB -Opr-D multidrug-resistance efflux system in Pseudomonas species (quite similar to note is that a single mechanism of resistance, in this case the hyperproduction (perhaps constitutive) of a given efflux the AcrAB system in E. coli) is expected to be, as in AcrAB itself [25] , regulated by stress conditions such as osmotic or mechanism, may have varying affects on different and frequently unrelated types of drugs.
oxidative shock, stationary phase, presence of bile salts or medium-chain fatty acids, or iron starvation. It is possible that It is tempting to predict that the selection of one or the other of these efflux mechanisms depends on the type or blend of a higher antibiotic resistance may occur under iron starvation stress, as it is conceivable that the bacterial population submitdifferent antibiotic molecules -the ''antibiotic selecting landscape'' -occurring, for instance, in an intensive care unit. The ted during infection to the mixed pressure of low iron and presence of antibiotics will eventually evolve to optimize its antibiotic that is affected by the largest number of mechanisms probably is more selective for them, but the presence of the pumps to multipurpose functions. In other instances, nonantibiotic drugs may modify the selective process: salicylate or proothers will certainly modulate the process of selection.
pofol (a lipid-based anesthetic agent) increases expression of multidrug efflux systems. The Whole Environment: Combined Antibiotic and Nonantibiotic Selection Random Genetic Drift Because antibiotic selection is only part of the selective landscape of antibiotic resistance, a lineal relationship between Random genetic drift is a mechanism (providing something at random can be called a mechanism) that has remained antibiotic use and resistance is not always evident. As Toltzis recently stated, ''the degree of antibiotic use in the critical care largely unconsidered as a factor in the evolution of antibiotic / 9c54$$au16 07-21-98 10:45:58 cida UC: CID resistance. The Darwinian definition considers random drift However, in the case of a catastrophic B concentration that reduces the population to a single organism, this organism as the fluctuations in frequency of variations (variants) that should be either susceptible or resistant, which results in have no adaptive significance or are otherwise equally fit. To SSSSSSSS or RRRRRRRR metapopulations. Apparently, the a certain extent, this reflects the ''survival of the luckiest'' antibiotic B may have either cleared the resistance to A or in opposition to the true selective process of ''survival of the ''selected'' the A-resistance mechanism. In experiments simifittest.'' lar to those presented in the section on Selective Antibiotic It can be considered that random genetic drift may occur Pressure and the Origin and Evolution of Resistance Mechapreferentially in critical situations, e.g., when by chance a given nisms, it is possible to reproduce these phenomena at high individual organism or small population of organisms survives antibiotic concentrations. under circumstances that have eliminated neighboring organisms. In particular, catastrophic events leading to mass extincAntibiotic Pressure and Adaptive Mutation tions may produce this effect, and it is clear that the use of active antibiotics produces mass extinctions in bacterial populaAll previous considerations regarding the selection of antibitions. It is evident that a nonoriented mechanism such as genetic otic resistance were based on the classic belief that mutations drift may produce quite unexpected results.
occur at random during nonselective bacterial growth and that Let us consider a bacterial group with equal numbers of selection is essentially the ''amplifying mechanism'' (or ampliorganisms resistant to antibiotic A (R cells) and susceptible to fying field) for the organisms with mutations, resulting in an antibiotic A (S cells). For instance, the original group has the increase in fitness. Adaptive mutation can also be termed postcomposition RSRSRSRS. Then antibiotic B, which is equally selection mutation [26] , implying that nongrowing bacteria inactive on S or R cells, is added to the system. The concentration hibited by a given antibiotic (under selection) may be able to of B is capable of reducing the total population to only oneproduce increased genetic variation that eventually gives rise half: RSRS. Nothing happens if B is removed; the original to mutations, thereby helping the inhibited strain survive the composition (RSRSRSRS) will be rebuilt in the metapopulation antibiotic challenge. It appears as if the antibiotic may ''direct'' as a result of one round of replication. The same is true for a resistance to itself, but in fact only the frequency of genetic higher concentration of B, reducing the population to only RS; variation is increased under stress (inhibition) circumstances. after two replication rounds, the original composition will be
The study of genetic variation under stationary-phase conditions will most likely contribute to the understanding of the recovered.
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